The mechanism underlying cyclic AMP (cAMP) [6] have found amplification of ATP, bradykinin and thrombin effects in this tissue. We have recently reported that elevation of endothelial cAMP alone does not affect intracellular free Ca2+ or endothelium-derived relaxing factor (= NO) formation [7] , whereas in the presence of agonists such as bradykinin cAMP amplifies agonist-induced NO formation in endothelial cells [8] as well as in neuronal cell lines [9] . cAMP-mediated amplification of agonist-stimulated NO formation may be of particular importance for regulation of vascular tone in vivo, since it enables joint regulation of NO formation by Ca2+-increasing autacoids, such as ATP and bradykinin, and substances which increase endothelial cAMP levels, such as adenosine.
INTRODUCTION
The physiological role of endothelial Ca2l has been extensively investigated during recent years (for review see [1] ), whereas the role of cyclic nucleotides in regulation of endothelial functions is still obscure. It is meanwhile well established that vascular endothelial cells express a large number of adenylate cyclaselinked receptors [2, 3] ; however, there are some divergent hypotheses about the physiological role of endothelial cyclic AMP (cAMP). Liickhoff et al. [4] provided evidence that increases in cAMP attenuate ATP-induced Ca2+ increases in bovine aortic endothelial cells, and Brock et al. [5] and Buchan and Martin [6] have found amplification of ATP, bradykinin and thrombin effects in this tissue. We have recently reported that elevation of endothelial cAMP alone does not affect intracellular free Ca2+ or endothelium-derived relaxing factor (= NO) formation [7] , whereas in the presence of agonists such as bradykinin cAMP amplifies agonist-induced NO formation in endothelial cells [8] as well as in neuronal cell lines [9] . cAMP-mediated amplification of agonist-stimulated NO formation may be of particular importance for regulation of vascular tone in vivo, since it enables joint regulation of NO formation by Ca2+-increasing autacoids, such as ATP and bradykinin, and substances which increase endothelial cAMP levels, such as adenosine.
The mechanism underlying cAMP-mediated amplification of agonist-induced NO formation certainly involves activation of protein kinases and amplification of agonist-induced Ca2+ mobilization [8] . Here we present evidence for cAMP-mediated hyperpolarization of endothelial cells which involves activation of K+ channels. cAMP-mediated hyperpolarization enhances the driving force for Ca2+ entry and may thus represent the basis for amplification of endothelial NO synthesis. 
MATERIALS AND METHODS

Cell culture
Pig aortic endothelial cells were isolated by the method described by Sturek et al. [10] . Briefly, fresh pig aortae were washed and incubated with Dulbecco's Minimum Essential Medium, including 2 mg/ml BSA, 200 units/ml collagenase, I mg/ml soybean trypsin inhibitor type II-S, non-essential amino acids and vitamins. After 20 min, cells were centrifuged for 5 min at 500 g, resuspended in Opti-Minimum Essential Medium containing 3 % fetal-calf serum and antibiotics, and seeded in plastic dishes.
Purity was indicated by the typical cobblestone morphology, as well as by immunofluorescence detection of contaminating smooth-muscle cells (a-actin), which yielded over 99 % purity.
Measurements of intracellular free Ca2+ ([Ca2+],)
[Ca2+]i was measured by the fura-2 technique, by the method described previously [7] . Experiments were performed with cultured cells about 10 [11] .
Simultaneous measurement of [Ca2+] , and membrane potential
Endothelial cells were loaded with fura-2/AM as described above. Before starting the experiments, 375 nM DiBAC4 (5) was added (5 ,d from a stock solution in dimethyl sulphoxide). Membrane potential was measured at 590 nm excitation and 616 nm emission, and [Ca2+]1 was simultaneously measured at 340 nm excitation and 500 nm emission with a dual-wavelength spectrofluorimeter (RF 5000; Shimadzu, Kyoto, Japan). Wavelengths were changed every 8 s, and, due to the technical limitations of the fluorimeter, which admits only two pairs of excitation/emission wavelengths, intracellular free Ca2+ is simply shown as changes in the Ca2+-sensitive wavelength (340/500 nm). Membrane potential (mV), which is shown as changes in membrane-sensitive wavelength (590/616 nm), was also calculated in accordance with Rink et al. [12] .
Patch-clamp recording
Freshly isolated endothelial cells were plated on glass coverslips, kept in primary culture and used for experimentation within 5 days after isolation. Single-channel currents were recorded as previously described [13] , by using both the standard patchclamp technique [14] as well as the amphothericin B-perforated patch technique [15] . [8] , and have also demonstrated that the endothelial membrane potential controls Ca2+ entry via the electrochemical gradient [13] . Consequently, we now investigated whether this amplifying effect of cAMP involves membrane hyperpolarization. As shown in Figure 1 (a), forskolin enhanced bradykinin-induced membrane hyperpolarization from -48 + 6.6 to -60 + 4.6 mV (n = 8). Similar results were observed with adenosine (250 ,uM) and isoprenaline (30 ,uM), which also hyperpolarized endothelial cells in the presence of bradykinin from -44+4.2 to -55 + 3.7 (n = 6) and -51 + 6.8 mV (n = 6) respectively. In order to test whether forskolin hyperpolarizes endothelial cells either by elevation of [Ca2+], and membrane Cells were loaded with fura-2 and the membrane-sensitive dye DiBAC4 (5) the effect of forskolin and hyperpolarized vascular endothelial cells from -36 + 7.3 to -62 + 4.6 mV (n = 9), indicating that rises in cAMP levels are actually involved in forskolin-induced membrane hyperpolarization. Since we have recently provided evidence for the involvement of protein kinase A in cAMP-mediated amplification of agonistinduced endothelium-derived relaxing factor (NO) formation [8] , it is tempting to speculate that the hyperpolarizing effect of forskolin is also based on activation of protein kinase A. To test this hypothesis, we preincubated endothelial cells with H-8, an inhibitor of protein kinase A. As shown in Figure 2 , H-8 inhibited the hyperpolarizing effect of forskolin. Under control conditions forskolin hyperpolarized endothelial cells from -30+ 2.6 to -54+ 3.8 mV (n = 3), whereas in the presence of H-8 (10 lM) the effect of forskolin was strongly diminished (from -29 + 2.4 to -32 + 3.7 mV; n = 3). H-8 also blocked Endothelial cells were stimulated with bradykinin (100 nM) as indicated.
adenosine-, isoprenaline-and dibutyryl-cAMP-induced hyperpolarization (results not shown). Thus inhibition of protein kinase A prevents membrane hyperpolarization induced by cAMP-increasing autacoids. These results strongly indicate the involvement of protein kinase A in membrane hyperpolarization induced by increased cAMP.
Since agonist-induced membrane hyperpolarization was found to contribute significantly to Ca2+ entry by providing a higher electrochemical gradient [13, 20] , it can be expected that cAMP amplifies, in particular, Ca2' entry due to its hyperpolarizing action. This hypothesis was confirmed by our experiments measuring Ca2' entry by the manganese-quench technique, which is based on the ability of manganese to enter endothelial cells through agonist-stimulated Ca2' entry pathways, thereby quenching the fura-2 fluorescence signal [21] . As shown in Figure  3 , bradykinin (100 nM) stimulates cells [23] . In the presence of okadaic acid, the effect of forskolin on the bradykinin-induced Ca2l plateau was strongly enhanced (653+16.9 nM, followed by a plateau at 591 +8.9 nM; Figure   4c ; n = 11), compared with its effect in the absence of okadaic acid (from 306 + 13.2 to 467 + 9.1 nM, followed by a plateau at 372 + 14.7 nM; Figure 4a ). Evaluation of combined effects, by the method of Poch [24] , suggested evidence for a synergistic interaction of okadaic acid and forskolin. Among the various membrane transport systems which may be involved in cAMP-induced hyperpolarization of the endothelial cell membrane, primary candidates are endothelial K+ channels. We have recently reported on the existence of two distinct types of K+ channels in pig endothelial cells, and demonstrated the functional significance of agonist-induced K+- channel activation in terms of amplifying agonist-induced Ca2+ entry [13] . In an attempt to test whether or not forskolin activates one or both types of K+ channels, we studied the effects of forskolin on endothelial K+ channels in perforated outside-out vesicles, i.e. a recording configuration which preserves intracellular signal transduction such as cyclic-nucleotide-dependent phosphorylation. The predominant K+ channel in pig endothelial cells is Ca2+-dependent and of small conductance [13] . Forskolin did not affect this channel, as illustrated in Figure 5 . Besides this small-conductance K+ channel, endothelial cells express in addition a Ca2+-dependent K+ channel of large conductance, as reported by several groups [25, 26] . This K+ channel is present at a rather low density in the membrane [13, 25] , but nevertheless may contribute significantly to the control of membrane potential, owing to its high conductance. We found this type of channel in 4 out of 95 patches. As il-lustrated in Figure 6 , largeconductance K+ channels were activated upon bath administration of forskolin (10 ,uM) . Significant stimulatory effects were detectable even at potentials as negative as -40 mV, which is close to the cells' resting potential (Figure 6c ). Thus activation of large-conductance Ca2+-dependent K+ channels may well represent a mechanism underlying the hyperpolarizing effect of forskolin. The suggested involvement of protein kinase A is in agreement with the finding that large-conductance Ca2+-activated K+ channels are regulated via phosphorylation by protein kinase A as demonstrated in smooth muscle [27] .
In summary, our results suggest that cAMP-mediated amplification of agonist-induced Ca2+ entry results from membrane hyperpolarization, which is based on activation of large-conductance K+ channels. cAMP-induced hyperpolarization involves activation of protein kinase A and enhances the electrochemical gradient for Ca2 , consequently amplifying agonistinduced Ca2l entry and NO formation [8] . This mechanism may serve as a physiologically important link between the endothelial adenylate cyclase system and NO biosynthesis.
